Abstract -III-nitrides material systems have attracting growing interests in photovoltaic (PV) applications after huge success in optoelectronics. In this work, a semi-analytical model is used to analyze the PV performance of single junction InGaN solar cells. Through clarifying four basic types of loss mechanisms, including transmission loss, thermalization loss, spatial relaxation loss and recombination loss, we discover that transmission loss accounts for the primary part of efficiency loss due to the large bandgaps of III-nitride materials. As for all recombination-related losses, Shockley-Reed-Hall (SRH) recombination loss is dominant over others. By incorporating non-step-like absorptance and emittance with below-bandgap absorption, we discover that reducing SRH recombination current by improving the material quality of InGaN layers proves an efficient approach to optimize the cell performance. Furthermore, the energy conversion efficiency increases with higher material quality and larger solar concentration. Our calculations show that energy conversion efficiency of 7.35% can be achieved under one sun and maximum efficiency of 8.43% under 1000 suns. This theoretical study offers detailed guidance for the future design of high-performance thin film InGaN solar cells.
I. INTRODUCTION
InGaN materials systems, demonstrate great promises for high efficiency thin film photovoltaic (PV) applications of future generation, especially in multi-junction solar cells, space exploration and concentrated photovoltaics. They show great potential for achieving Shockley-Queisser limit [1] if applied in multi-junction solar cells. The unique and intriguing merits of InGaN materials include continuously tunable wide band gap from 0.70eV to 3.4 eV, strong absorption efficiency on the order of ∼10 5 cm
, superior radiation resistance under harsh environment, as well as high saturation velocities and high mobility [2] . Moreover, the detailed balance model that materials with band gaps higher than 2.4 eV are required to achieve practical photovoltaic efficiencies greater than 50% in multi-junction solar cells [3] , which is practically and easily feasible in InGaN materials. Other state-of-art modeling on InGaN solar cells also demonstrate great potential of applications of III-nitride solar cells in four-junction solar cell devices as well as in the integration with a non-III-nitride junction in multi-junction devices [4] [5] [6] . However, due to distinct material properties from conventional III-V materials, fundamental PV processes and corresponding loss mechanisms in InGaN solar cells are still not well understood. It is therefore imperative to investigate loss mechanism in detail for the development and optimization of high efficiency InGaN solar cells.
In this work, a semi-analytical model for solar cells is employed to investigate the optical property, efficiency limits and loss mechanisms in InGaN solar cells with four planar structures [4] . Commercial softwares like Silvaco or Crosslight requires much more time to calculate and are not capable of revealing the intrinsic physical mechanisms straightforwardly. In the calculations, we also incorporate non-ideal properties such as photon recycling, spontaneous emission coupling, the non-step absorptance and emittance of junctions and absorption tails below the bandgap. These factors are all accounted for complicated physical processes in real solar cells. The conversion efficiencies and device performance are calculated and different loss mechanisms are examined thoroughly to provide detailed guidance for the optimization of InGaN solar cells.
II. FUNDAMENTAL PROCESSES OF LOSS MECHANISMS
In this study, loss mechanisms in solar cells are categorized into four types [7] : i ) transmission losses due to photons transmitting through the device without being absorbed; ii) thermalization losses resulting from carriers in excited states returning to the band edges; iii) spatial relaxation losses due to carriers losing potential energy while being separated and collected at the contacts; iv) recombination losses due to Shockley-Read-Hall (SRH), Auger recombination [8] . In order to focus on the intrinsic properties of materials and devices, this study don't take into account other losses like surface recombination, series resistance and shunt resistance, which is closely related to the device fabrication process. The total current density of a single junction solar cell is given as:
(1) where is the short-circuit current density which is mainly determined by the absorptance of the cell, including belowbandgap absorption; , , and are the radiative, Shockley-Read-Hall (SRH), and auger recombination current density, respectively.
The AM1.5G solar spectrum is used in the calculation. In this work In 0.15 Ga 0.85 N active layer is investigated and published material parameters of bandgap energy E g [9] , refractive index n r [10] , and Urbach tail energy E u = 0.012eV [11] are used. From statistical ray optics, the analytical 978-1-5090-5605-7/17/$31.00 ©2017 IEEE equations of absorptance and emittance are derived in Ref. [7] .
III. ANALYSIS OF LOSS MECHANISMS IN SINGLE JUNCTION SOLAR CELL
In this section, the effective absorptance, i.e., the optical thickness, rather than physical thickness, is explored. For clarity, we plot the losses and efficiency map only to 14%, 15% and 20% in Fig. 1, Fig. 2 and Fig. 3 respectively, while the rest part that is not shown is all dominated by transmission loss. Figure 1 presents the losses and efficiency distribution as a function of effective absorptance for single junction In 0.15 Ga 0.85 N solar cells under AM 1.5G one sun radiation. Clearly transmission loss dominates the entire loss mechanisms due to large bandgap energy of III-nitrides than any other III-V materials. The thermalization and spatial relaxation loss both go up with increasing effective absorptance because of larger portion of absorbed photons with larger thickness. It's noteworthy that the SRH loss accounts for most of the total recombination-related loss mechanisms, even though there are radiative loss generated from the loss of photon energies larger than bandgap and Auger recombination loss owing to fairly large Auger recombination current density. 4 Acm -2 μm -1 ). Both transmission and thermalization losses remain almost unchanged over all J A /d range at the given structure. On the other hand, spatial relaxation loss has a major impact on the degradation of conversion efficiency as J A /d is greater than 0.1 Acm -2 μm -1 . Among all recombination-related mechanisms, SRH recombination is still the primary part, which is in good correspondence with current material quality of InGaN. This trend could be attributed to the fact that large amount of SRH recombination current diminishes the total collected current, thus deteriorating the performance of the solar cell. These results indicates that SRH recombination plays a key role in degrading conversion efficiency in III-nitrides solar cells. Therefore, reducing J A /d by improving material quality of the active layers provides a constructive approach to enhance the conversion efficiency.
As a result of favorable merits of InGaN materials, their applications for harsh environment like space exploration are highly desirable and higher solar concentration proves to be a practical approach to achieve high conversion efficiency. 4 Acm -2 μm -1 . The efficiency map is only plotted to 20% for clarity. The transmission loss still dominates over other loss mechanisms due to large bandgaps of III-nitrides and there is little variation of transmission and thermalization losses with the specified structure. Moreover, spatial relaxation loss gradually reduces as increasing solar concentrations, which could be ascribed to the fact that the extractable energy of photogenerated carriers is enhanced with the solar concentration. Note that SRH recombination loss dominates over other recombination-related loss mechanisms throughout the entire range of solar concentration. For GaAs solar cells, the radiative loss takes the lead after solar concentration of 500 suns [7] . This difference may be attributed to the large amount of subband transition induced from unavoidable defect states during the growth of InGaN materials. .
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IV. LOSS ANALYSIS OF 2 JUNCTION SOLAR CELLS
The loss analysis of 2 junction solar cell is built upon the typical material parameters and properties of InGaN. It's assumed in the model the Urbach tail energy of 12 meV, the effective absorptance of =1, SRH recombination current density of J A =1900 Acm -2 as well as Auger recombination current density of J C =3.8 x10 4 Acm -2 , which are proper up-todate values of InGaN materials. To further investigate the possible applications of InGaN materials system, the correlated bandgap energies and maximum energy conversion efficiency are depicted in the Fig. 4 (a) along with losses and extracted power in the Fig.4 (b) . Fig. 4(a) presents that the optimal bandgap energies of top junction and bottom junction remain almost constant and decrease significantly at 200 suns concentrations, which could allow more photons to be absorbed. While in Fig. 4(b) , both transmission loss and spatial relaxation loss reduce collectively and thermalization loss tends to rise, which could be ascribed to the decreasing optimal bandgap energy as growing solar concentrations. Aside from that, SRH loss still takes up the most part of the total recombination losses.
V. CONCLUSION
A semi-analytical model is applied to the single junction solar cells to study PV performance and loss mechanisms in InGaN solar cells comprehensively. By considering critical aspects in real solar cells such as photon recycling, spontaneous emission, non-radiative recombination losses and non-step like absorptance and emittance, we analyze four fundamental loss mechanisms under AM1.5G solar spectrum along with typical material parameters. By investigating the roles of SRH recombination current densities per unit length (J A /d) and solar concentration, we discover that transmission loss is the major cause responsible for efficiency loss and SRH loss is the dominant recombination-related loss mechanism, under practical material quality and also the whole sun concentration radiation. With reported J A /d and J C /d values, the predicted energy conversion efficiency could be 7.35% under one sun and the peak efficiency could be achieved as 8.43% under 1000 suns. Therefore, energy conversion efficiency could be greatly enhanced by both improving material quality of InGaN layers and increasing solar concentration. By analyzing the PV processes and loss mechanisms, this work could offer comprehensive guidance for future designs and developments of InGaN solar cells. 978-1-5090-5605-7/17/$31.00 ©2017 IEEE
